Abstract-A mercury (Hg) saturation assay for measuring metallothionein (MT) in fish liver was modified by optimizing binding conditions to minimize the mercury and tissue consumed. The revised method uses stable Hg at low concentrations instead of 203 Hg. At the reduced Hg concentrations used, MT concentrations in livers homogenized in saline appeared to increase systematically with dilution in both bluegill sunfish (Lepomis macrochirus) and largemouth bass (Micropterus salmoides). This error suggested a binding limitation due to sulfhydryl oxidation or competition for and removal of mercury by non-MT proteins. Homogenizing tissues in trichloroacetic acid (TCA) eliminated the interference. To further evaluate the method, the protocol was tested in the laboratory and field. Metallothionein in bluegill injected with 0.6 mg/kg zinc chloride increased at a rate of 0.03 nmole MT/g liver/ h (r 2 ϭ 0.53, p ϭ 0.001). Linearity improved when data were corrected for protein content (r 2 ϭ 0.74, p Ͻ 0.0001). Metallothionein levels in bluegill from a coal ash-contaminated environment were significantly increased over that of hatchery-reared sunfish (F ϭ 20.17, p ϭ 0.0003). The microscaled procedure minimizes concerns related to radioisotope use and waste generation while retaining the high sensitivity of the 203 Hg assay.
INTRODUCTION
Metallothioneins (MT) are small cysteine-rich proteins that bind and exchange essential trace minerals such as zinc (Zn) and copper as well as sequester toxic heavy metals such as cadmium and mercury (Hg) [1] . Exposure to heavy metals induces MT transcription by displacing Zn from Zn-containing proteins. The liberated Zn then binds to metal response element-binding transcription factor-1, and transcription proceeds [2] . Since MT is induced by and sequesters heavy metals, it can be employed as a biomarker of metal exposure and effect. While MT induction can also result from handling stress [3, 4] , changes in temperature [5] , and changes in reproductive status [6] , induction of MT by metals is greater than by hormonal or environmental stimuli [3, 5, 7] .
Metallothionein measurement techniques for fish tissue have been compared or reviewed elsewhere [8] [9] [10] [11] . If MT is to be an effective biomarker with wide application in screening animals from contaminated environments, measurement must be accurate and relatively easy. The less complex the protocol, the more useful it will be in routine screening investigations. Molecular and immunological, methods require complicated sample preparation relative to metal binding methods. Polarographic methods, which measure the reduction of hydrogen of MT sulhydryls, are also complex [8] .
Metal saturation assays displace native metals from MT by adding saturating concentrations of a stable or radioactive metal with high MT binding affinity. The in vitro binding affinity of metals for MT follows the order Hg(II) Ͼ copper(I) Ͼ cadmium(II) Ͼ Zn(II), making Hg a preferred saturating metal [12] . In these assays, non-MT proteins that may also bind saturating metal are removed from the sample by heat precipitation, centrifugation, acid precipitation, or a combination of these methods. After addition of saturating metal, excess metal not bound to MT is removed by a chelating resin or metal scavenging protein such as hemoglobin or albumin. The MTbound metal remaining in the sample is then measured. Concentration of MT is calculated from a standard curve or from knowledge of the binding stoichiometry of the MT-metal complex. Among metal saturation methods, the 203 Hg saturation method of Dutton et al. [13] requires the fewest steps and has the shortest sample preparation and analyses times [8] .
Dutton stressed the importance of using tissue dilution series to test the direct proportional linearity of metal saturation assays. This concept is simple and intuitive: If an MT preparation is made using sample diluted to half its original strength, it should bind half as much Hg as an MT preparation of the original sample. If this simple relationship between sample dilution and bound Hg is not found, it indicates the presence of interferences from non-MT proteins that also bind Hg or adversely influence the binding environment. Interfering proteins could compete with MT for saturating Hg, only to be stripped of metal by scavenger protein. Metal saturation methods assume all metal detected is bound to MT and not other sulfhydryl groups that may be present. Dutton demonstrated the specificity of the 203 Hg-saturation assay by showing that a complex of thiol compounds added to MT standard did not interfere with MT detection.
The saturation method using 203 Hg has been revised to use nonradioactive, stable Hg for MT measurement in bivalves [14, 15] and fish [16] . Field investigations evaluating large numbers of individuals and multiple organs of individuals have applied stable Hg saturation for MT measurement [15, 17] . Current versions of these mercury saturation assays consume from 20 to 100 mg tissue and about 10 g Hg per data point. These tissue requirements make application to small, easily cultured organisms such as mosquitofish (Gambusia sp.) or medaka (Oryzias latipes) impractical. Further, the large amount of Hg used creates assay end products that are classified as hazardous waste.
We scaled the Hg-saturation method to require minimal amounts of tissue and Hg per data point. The end products produced in our modified assay are below the U.S. Environmental Protection Agency's 200 g Hg/L hazardous waste classification for land disposal. This scaling required modifications that optimize Hg binding. To validate the microscaled method, experiments were performed to test direct proportional linearity, glutathione (GSH) interference, and MT induction over time. To test the practical application of the revised assay, liver MT levels in bluegill sunfish from a coal fly ash-contaminated environment were compared to levels in hatchery-reared bluegill.
MATERIALS AND METHODS

Fish
Livers from adult largemouth bass (Micropterus salmoides, 1-3 kg) were used to develop our modified assay and to test its performance. This species provides large amounts of hepatic tissue, allowing many treatments and replicates using the same organ. The bass were collected from reservoirs (L-Lake and Pond B) located on the U.S. Department of Energy Savannah River Site (SRS) in South Carolina (USA).
Bluegill sunfish (Lepomis macrochirus; 159 Ϯ 14 mm total length) were obtained from Edisto Aquatic Farms in Orangeburg (SC, USA) for use in the Zn MT induction experiment. These fish also served as a reference population for comparison with bluegills collected from a coal ash-contaminated pond located on the SRS. The pond and surrounding wetlands receive coal ash runoff from an electric generating station.
Tissue collection and storage
Largemouth bass were euthanized using MS-222 (Sigma, St. Louis, MO, USA). Sunfish were euthanized by cooling on ice. Livers were excised whole, flash frozen in liquid nitrogen, and stored at Ϫ70ЊC. Just prior to preparation for MT analyses, samples were briefly removed from the freezer, and a subsample of tissue was quickly chipped off using a razor blade or scalpel. Once sampled, the still frozen tissues were immediately returned to the freezer.
Initial Hg-saturation method
Initial efforts followed the procedure of Dutton et al. [13] except that the Hg saturation solution was changed from 50 g 203 Hg/ml in 10% trichloroacetic acid (TCA) to 1 g stable Hg/ml in 10% TCA (Sigma-Aldrich). Livers were homogenized on ice in 10 volumes saline (0.9% NaCl) and centrifuged at 1,500 g for 30 min. To 200 l diluted sample, 200 l of 1 g Hg/ml in 10% TCA were added and mixed by vortex. The 10% TCA creates an acidic environment favoring metal displacement by Hg while simultaneously precipitating larger non-MT proteins that may also bind Hg. Excess Hg not bound to MT was scavenged from the solution by addition of chicken egg albumin solution containing 5% protein. Denatured albumin and associated Hg were pelleted by centrifugation at 10,000 g for 2 min. A 200-l aliquot of the supernatant from this step was then digested in 100 l of quartz-distilled nitric acid and 100 l 30% hydrogen peroxide (Baker, ACS reagent grade, Phillipsburg, NJ, USA) for 1 h at 40ЊC. Mercury in sample digests was released by SnCl 2 reduction and measured by cold-vapor atomic fluorescence spectroscopy [18] using a Brooks Rand model III analyzer (Brooks Rand, Seattle, WA, USA). A standard curve was generated using preparations made from purchased MT (rabbit MT I and II; Sigma) instead of tissue homogenate.
Final Hg-saturation method
Using the initial Hg-saturation method, MT preparations made with higher tissue concentrations bound proportionately less Hg, yielding lower values for MT (nMol MT/g tissue) than those made with more dilute sample. This indicates the presence of interferences adversely affecting binding. Information gained from intermediate experiments not detailed here was used to revise the method to eliminate interferences and simplify the procedure. In our revised protocol, liver samples were homogenized in 20 volumes 10% TCA and centrifuged for 10 min at 16,000 g. The resulting supernatant was then diluted in 10% TCA to the desired tissue concentration. For the experiments using sunfish liver, dilutions of 10 and 20 mg liver/ml were prepared. Each dilution was run in duplicate, resulting in four measurements per sample. Procedural blanks, containing 10% TCA without tissue, were prepared in duplicate to verify scavenging efficiency and correct for background Hg in the assay. Duplicate rabbit MT standards were prepared for each sample set to verify assay performance. Aliquots of Hg-saturated bass liver homogenate stored at Ϫ70ЊC were also run periodically to evaluate the feasibility of storing samples and maintaining a prepared internal standard.
For Hg saturation, 40 l of 7 ppm Hg in 10% TCA were added to 200 l diluted sample or procedural blank. This solution is prepared just before use. Substituting 200 l of 1 g/ ml Hg with a smaller volume of 7 g/ml Hg enhanced binding conditions by increasing concentrations from 500 ng Hg/ml to 1400 ng Hg/ml during sample saturation. After a saturation period of 10 min at 40ЊC, 160 l of 10% TCA were added to ensure sufficient volume of acid to denature scavenger protein.
Free Hg was then scavenged from the mixture by adding 400 l 5% hemoglobin (Sigma-Aldrich) in saline. Hemoglobin was substituted for albumin because it provided a more stable and easily inspected pellet. Precipitated hemoglobin was pelleted by centrifugation for 10 min at 16,000 g.
A 600-l aliquot of Hg-saturated, scavenged supernatant was incubated overnight at 70ЊC with 90 l BrCl to oxidize the MT protein and release the Hg. Preparation of BrCl for MT oxidation followed the U.S. Environmental Protection Agency's Method 1631 Revision B [19] . In this method, a solution of BrCl is prepared by dissolving 2.7 g KBr in 250 ml concentrated HCl, then adding 3.8 g KBrO 3 . For water samples, the method recommends adding BrCl solution at a final concentration of 1% to completely oxidize organic mercury species before total Hg analysis. Since MT preparations are highly organic relative to most surface waters, samples were incubated with 15% BrCl at 70ЊC overnight to ensure complete oxidation. Hemoglobin pellets were digested overnight at 70ЊC with 500 l nitric acid. Digestion of hemoglobin pellets generates nitric acid fumes and increased pressure that may rupture sample tubes, so a small perforation was made in the cap of each tube before they were placed in a thick sealed bag for digestion. Randomly selected pellet digests were analyzed for Hg to verify that the mercury concentration in the assay was sufficient for saturation. After cooling, MT preparations and pellet digests were brought to a final volume of 1.6 and 2 ml, respectively, with distilled, deionized water and analyzed for Hg by cold vapor atomic fluorescence spectrophotometry. Metallothionein concentrations in samples were calculated from measured Hg concentrations using the stoichiometric relationship of 7 nmole Hg/nmole MT [20] . While more recently MT has been shown to bind up to 20 nmole Hg/nmol apo-MT depending on the excess of Hg over MT [21] , Dutton [13] demonstrated a 7:1 stoichiometry under these assay conditions. A stoichiometry of greater than 7:1 is not expected with the lower mercury concentrations used in this revision to the method.
For the Zn-induction experiment and the field study, protein concentration was measured in samples by ultraviolet absorbance at 220 nm using a Molecular Devices Spectramax Plus 96 well plate reader (Sunnyvale, CA, USA) [22] . Absorbance values were corrected for ultraviolet absorbance by TCA at this wavelength. Bovine serum albumin (Sigma-Aldrich) was used as a calibration standard. This step avoids variability introduced to the data through differences in tissue protein content or errors in mass introduced by tissue handling and storage procedures. While absorbance at 220 nm also detects nonprotein constituents such as nucleic acids, the approach provides a more precise index of actual tissue concentration in the homogenate than sample mass used to generate the homogenate. Conventional methods of protein analyses were not employed because they rely on the presence of aromatic amino acids, which are absent in MT and GSH. Further, the TCA in samples impaired the performance of colorometric protein assays (P. Shaw-Allen, unpublished data).
MT standard verification
Metal concentrations in purchased MT standards were verified by inductively coupled plasma/mass spectrometry (ICP-MS) to ensure that MT detected by the Hg saturation assay was in good agreement with the native metals bound in the standard. In the case of one standard whose Hg-saturation data did not concur with metals content data, size exclusion chromatography was coupled with ICP-MS to determine if the metals detected were associated with a protein peak corresponding to the size of MT.
GSH interference
To evaluate the potential interference from non-MT sulfhydryls in the assay, a series of samples were prepared containing either 50 nM rabbit MT, 250 mM glutathione (GSH, Sigma), or 50 nM rabbit MT plus 250 mM GSH. A high concentration of GSH was used because GSH, like MT, is acid soluble and may be retained in acid-precipitated MT preparations.
Induction of MT by ZnCl
In the induction experiment, 20 bluegill were randomly assigned to one of four 32-L glass aquaria and allowed to acclimate for one week. Tanks were supplied with soft well water (conductivity ϭ 72 s/cm, temperature ϭ 20ЊC, pH ϭ 7.1, and dissolved oxygen ϭ 8.9 mg O 2 /L). Fish were fed once a day during the acclimation period with a commercial food (Tetramin, Blacksburg, VA, USA). To induce MT, fish received a single intraperitoneal injection of either saline or 0.6 mg ZnCl/kg body weight. At 0. 5, 8, 24 , and 48 h after injection, one Zn-dosed fish from each of the four tanks was killed, and livers were immediately excised and stored for later MT analyses. It was not possible to maintain enough fish in each tank to allow sampling of saline-injected fish at each of the sampling periods, so only one saline-injected fish was placed in each tank and killed 48 h after injection to provide a procedural control. Metallothionein was measured using the final protocol described previously. Dilutions of 10 and 20 mg liver/ml were prepared for each fish and run in duplicate, resulting in four measurements per individual.
Field investigation
To further test the microscaled assay and to demonstrate its utility for field investigations, MT was measured in bluegill sunfish sampled from a pond contaminated with coal fly ash runoff. Fish from the ash-contaminated site (n ϭ 11, 137 Ϯ 13 mm total length) were collected in October 2000 using overnight sets of trap nets. Data for metals in dorsal muscle, which differed significantly between the two groups, are presented in Table 1 . Hepatic MT concentrations in these fish were compared to those of hatchery-reared fish. Dilutions of 10 and 20 mg liver/ml were prepared for each fish and run in duplicate, resulting in four measurements per individual.
Statistical analyses
Data were analyzed using SAS 8.0 (Cary, NC, USA). Dilution effects and Zn induction of MT over time were analyzed by linear regression. Comparison of hatchery and coal ash-exposed bluegill populations required nonparametric Kruskal-Wallis analysis and t tests using Cochran and Cox's approximation of the t statistic because of the nonnormal distribution of the data. Power analyses for comparisons were calculated using the noncentral F distribution.
RESULTS
Initial Hg-saturation method
Under conditions of the initial assay, MT concentrations in livers from bluegill that had received ZnCl or saline injections appeared to increase with tissue dilution (Fig. 1) . Preparations made using the 20-mg-liver/ml dilution appeared to have lower MT concentrations than those prepared with the 10-mg-liver/ ml dilution of the same homogenate. This trend was not evident in the purchased rabbit MT prepared at different dilutions. We used largemouth bass liver tissue to explore this phenomenon and found that the interference occurred in this species as well and persisted at more dilute tissue concentrations (Fig. 2) . No relationship should exist between amount of tissue used to make the MT preparation and the measured nmole MT/g. Thus, regression of measured MT concentration against the initial tissue concentration in the homogenate should yield a slope of zero.
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Final Hg-saturation method
When tissues were homogenized in 10% TCA rather than saline, the interference disappeared in preparations using tissue dilutions containing less than 10 mg liver/ml (Fig. 3) . Regression analyses confirmed that, for these preparations, MT estimates were not significantly influenced by dilution strength in either of the fish tested despite differences in MT content (bass A, r 2 ϭ 0.1075, p ϭ 0.4278; bass B, r 2 ϭ 0.0041, p ϭ 0.8805). These data also illustrate binding limitations of the assay. Data for bass B, which had the higher MT content, indicate a tissue concentration effect when MT preparations made using the 20-mg-tissue/ml dilution are included in regression analysis. Regression of the complete data set returned an r 2 of 0.7148 (p ϭ 0.0005) for bass B data, while regression of the complete data set for bass A retained proportionality (r 2 ϭ 0.0093, p ϭ 0.7656). This suggests that insufficient Hg was present to bind all the MT in the 20-mg-liver/ml preparation of bass B but sufficient Hg for bass A, which contained about half as much MT. Metallothionein detected in the Hgsaturated bass liver homogenate stored at Ϫ70ЊC declined 14% after 10 d storage. However, subsequent analyses 20 and 60 d after preparation were within 5% of the observation made at 10 d.
MT standard verification
In the initial Hg saturation protocol, the purchased rabbit MT did not show the same interferences (apparently higher MT concentrations at greater dilutions) that we observed in fish tissue preparations. However, MT measurements by the Hg-saturation assay were lower than expected in both batches of purchased standard used. The purity and content of purchased MT is expressed as the percentage of metals present in the preparation as reported by the vendor. To confirm that the prepared content of the purchased material as specified by the manufacturer was correct, we analyzed both for native metal concentration using ICP-MS. Since the purchased MT was saturated with cadmium and Zn, measurement of the concentration of these metals provides an independent verification of MT content. Metal content of the first standard as verified by ICP-MS (3.04 Ϯ 0.3 nmol Zn/ml standard, 11.78 Ϯ 0.24 nmol Cd/ml standard) was in good agreement with MT measured by the Hg saturation assay (1.98 Ϯ 0.33 nmole MT/ml standard), assuming a binding stoichiometry of 7 nmoles metal per nmole MT. Therefore, the expected MT concentration of that series of standards was adjusted accordingly. Metallothionein measurements by Hg-saturation assay of the second standard were not in agreement with ICP-MS metals data. Further analyses using size exclusion chromatography coupled with ICP-MS determination indicated the metals in this standard were actually associated with a larger protein, about twice the size of MT.
GSH interference
A solution of 250 mM GSH was assayed as though it were a tissue sample to test whether GSH would bind Hg under the assay conditions. The GSH solution retained 19.11 Ϯ 1.89 ng Hg/ml. However, when MT was present, significant binding of additional Hg by GSH was not detected. A solution of 50 nM MT bound 64.85 Ϯ 6.61 ng Hg/ml, while the same concentration of MT spiked with 250 mM glutathione bound 60.92 Ϯ 2.91 ng Hg/ml. These amounts of bound Hg were not significantly different (F ϭ 5.15, p ϭ 0.5285).
Induction of MT by ZnCl
The revised assay was used to test whether MT concentrations increased in livers of bluegills injected with 0.6 mg Zn/ kg. Within each sampling time, male and female fish did not differ in MT concentrations, so sexes were pooled for statistical analyses.
We observed a near doubling of hepatic MT in bluegills by 48 h after injection. Comparison of saline-injected fish with fish 48 h after Zn injection had a statistical power (1 Ϫ ␤) of 0.89. A linear model fit the time-series data well (r 2 ϭ 0.53, p ϭ 0.001), and the slope indicated a time-dependent MT increase of 0.03 nmole MT/g liver/h (Fig. 4A) . When data are expressed as nMol MT/mg protein, the linearity of model improved (r 2 ϭ 0.74, p Ͻ 0.0001). This model yielded an increase of 0.015 nMol MT/mg protein/h (Fig. 4B) . The absence of a plateau or decline in the data indicates that 48 h after injection, the animals are still in increasing MT levels.
Field investigation
Values for hepatic MT in hatchery-reared bluegill (n ϭ 10) and bluegill collected from a coal ash-contaminated location (n ϭ 11) were not normally distributed, so the data were interpreted using Kruskal-Wallis nonparametric test. Bluegill from the site polluted with coal ash had significantly higher MT concentrations than those from the hatchery (mean Ϯ standard deviation ϭ 0.58 Ϯ 0.32 and 0.19 Ϯ 0.18 nmole MT/mg Pr, respectively, 2 ϭ 11.52, p ϭ 0.003, 1 Ϫ ␤ ϭ 0.90). Metallothionein concentrations were more variable in bluegill from the coal ash-contaminated habitat and ranged from 0.01 to 1.05 nmole MT/mg Pr. In contrast, hatchery fish ranged from 0.03 to 0.65 nmole MT/g tissue. Metallothionein was not correlated with gender or measures of fish length or weight in either group.
DISCUSSION
Dutton et al. [13] stressed the importance of using tissue dilution series to test the direct proportional linearity of metal saturation assays. Klaverkamp et al. [16] also observed differences in MT content with dilution in their stable Hg-saturation assay. They attributed MT loss to adherence to polypropylene vials and pipette tips. As a result, dilutions containing less tissue yielded lower values for MT/gram tissue than dilutions containing more tissue. This result is the opposite of the interference we observed, where greater dilutions resulted in higher apparent MT concentrations. Since Klaverkamp et al. [16] observed analytical errors when using dilution series, dilutions are no longer considered a requirement for that lab. Couilliard et al. [23] also abandoned the use of dilution series.
Our data comparing samples with differing MT content demonstrate that the abandonment of dilution series in metal saturation assays introduces the risk of underestimating MT in samples that approach or exceed the binding maximum for assay conditions. This is particularly important for this procedure, which minimizes the amount of Hg used. As with any biomarker assay, it is good practice to validate its use for any new species or tissue to which it is applied. Considering the low variability (coefficient of variation Ͻ10%) within and among dilutions of the same individuals using the revised assay, it may not be necessary to run dilutions on every sample once the procedure is validated and the binding limit is known for that species and tissue. However, to assure data quality, a subset of samples could be run in replicate dilutions to verify technical performance. Samples could also be run at extended dilutions periodically to verify the binding limit. Data quality assurance efforts such as these are good practice but are ultimately decided on by those adopting the procedure.
Klaverkamp [16] advocated the use of a standard curve generated with known concentrations of rabbit liver MT-II to correct for any adherence effect and eliminated the use of dilution series for MT analyses in their lab. The use of a standard MT curve cannot correct for or identify samples exceeding binding limits because the binding maximum for a purified standard is likely to be higher than that for a natural sample. Our results show that purchased standards, which are purified and of mammalian origin, behave differently than fish tissue preparations when using Hg saturation for MT detection. While this is not a problem with our final protocol, we suggest caution when relying on purchased materials to generate a standard curve. If MT concentrations are influenced by tissue concentrations in preparations made from crude tissue homogenates but are not concentration dependent in the purified material used for the standard curve, an obvious possibility for error arises. Existing metal saturation protocols do not explicitly characterize the maximum binding capacity for natural samples. However, data presented by Dutton et al. [13] comparing the Piotrowski [24] assay with the 203 Hg assay indicate that a considerable excess of mercury must be added before a natural sample is adequately saturated. For rainbow trout liver with 45.38 Ϯ 9.93 nmol MT/g, a minimum of 1.5 mol Hg/g tissue was required to saturate the sample. Assuming 7 nmole Hg is bound per nmole MT [25] , the mean MT estimate for this sample corresponds to 318 nmol Hg bound by 45.38 nmol MT. This is about one-fifth the total Hg added to the sample. Data generated using the microscaled assay illustrates the importance of using tissue dilutions to address these concerns. Data from a largemouth bass preparation suggested a binding maximum at Hg concentrations between those observed in preparations made from 10-and 20-mg-liver/ml homogenates (44.77 Ϯ 1.31 and 60.69 Ϯ 3.95 ng Hg/ml, respectively). A nominal binding limit for the assay of 45-ng-Hg/ml homogenate can be inferred from these data. Metallothionein preparations binding 45 ng Hg/ml or greater may be approaching the binding limit of the assay and should be evaluated at more dilute tissue concentrations. This value represents about onefourth the total amount of Hg available for binding in our revised assay.
The interference we observed in the initial assay was overcome by homogenizing tissues in 10% TCA. Homogenizing tissue in saline does not protect MT from proteases or MT sulfhydryls from oxidation. Addition of Hg concurrently with precipitation of non-MT proteins might result in Hg loss to precipitating proteins. Homogenizing tissues in TCA immediately inactivates proteases and precipitates non-MT proteins. Other precipitation methods, including brief heating to relatively high temperature [16] , have been proposed in other mercury saturation assays to remove non-MT proteins. This may not adequately protect metal-binding SH groups in the preparation. Homogenization in dilute acid is the standard approach to prevent oxidation of GSH to glutathione disulfide when preparing tissues for GSH analyses [26] . The various Hg saturation methods differ in tissue handling with regard to protection of sulfhydryls. Coulliard [23] homogenized tissues under nitrogen gas to avoid oxidation of sulfhydryls. Baudrimont et al. [15] also prepared samples under nitrogen gas but homogenized tissues in 25 mM Tris buffer (pH 7.2) rather than saline. Klaverkamp et al. [16] precipitated non-MT proteins from homogenates by heat treatment at 95ЊC prior to addition of Hg-TCA. Sedlak and Lindsay [27] reported that sulfhydryl content in whole-tissue homogenates prepared in water or saline declined more rapidly than tissues homogenized in 0.02 M ethylenediaminetetraacetic acid at pH 4.7. Further, they observed that the acid-soluble thiol content of homogenates precipitated with TCA was stable for at least 24 h. Considering this, additional precautions to protect sulfhydryls are likely unnecessary for samples homogenized in TCA, as in our final protocol.
However, it is important to note that homogenization in TCA may disrupt MT protein conformation. An acidic environment favors dissociation of most metals (but not copper) from MT, creating metal-free MT, or Apo-MT. The Apo-MT exists as random coils and, in an oxidizing environment, is vulnerable to the formation of disulfide bonds [28, 29] . The MT of fish and other lower vertebrates commonly contain higher concentrations of copper relative to mammalian MT [29] . It is possible that MT containing some copper is partially protected from dissociation during acid homogenization and regains conformation on addition of saturating Hg. While copper is not easily removed from MT at low pH [28] , Dutton et al. [13] demonstrated that Hg saturation displaced 96% of copper from MT in a rainbow trout containing relatively high levels of copper-MT.
Stability of samples for biochemical analyses is an important consideration in ecotoxicological work since not all samples are likely to be collected concurrently and since storage conditions can influence results. Palace [30] reported that acidsoluble thiols in whole liver were stable for up to six months when stored Ϫ72ЊC. However, Prud'homme [31] reported that storing supernatants from fresh liver homogenates of white sucker prepared in 250 mM sucrose and spun at 10, 000 g for 30 min yielded higher MT estimates than samples stored at Ϫ145ЊC as whole homogenates or whole tissue. Coulliard [8] indicates that samples for MT analyses may be stored as homogenates, supernatant fractions, or whole tissue.
If storage of homogenates is necessary, we favor freezing TCA homogenates with saturating concentrations of Hg. While we did observe a drop in MT after 10 d, measurements taken 20 and 60 d thereafter did not differ from the 10-d measurement. This suggests reasonable long-term stability after an initial drop.
In the absence of metals, Apo-MT may form disulfide bonds [28, 29] . In fact, such disulfide bonding could account for some of our results with purchased rabbit MT. The ICP-MS analysis after size-exclusion chromatography suggested that metals were associated with a protein about twice the size of MT. Difficulties with purchased MT standards are not unique [32] . Coulliard [8] also recommends that the metals content of purchased MT standards be verified. Our experience indicates that verification of metals content alone may be insufficient if at some time during preparation or storage the MT is compromised.
While our results indicate that GSH does not significantly interfere with MT detection, GSH did bind and retain some Hg in the absence of MT under assay conditions. A 250-mM solution of GSH could potentially bind 50 nmoles Hg in the saturation step and theoretically could result in final Hg concentration of 4,700 ng/ml. Despite the potential to bind many times the amount of Hg used in the microscaled assay, the 250-M-GSH preparation retained only 10% of the available Hg. This suggests that the hemoglobin added as a scavenger is able to strip Hg from glutathione but not from MT. Nonetheless, the potential for GSH to realistically compete with MT for Hg in a natural sample should be considered. A GSH concentration of 250 M would result from a 10-mg-liver/ml homogenate possessing 25 moles GSH/g or a 20-mg-liver/ ml homogenate having 12.5 moles GSH/g. These values are well above those we observed in bluegill liver (P. Shaw-Allen, unpublished data) and those reported for GSH in livers of other fish species [33, 34] . Since it is unlikely that sufficient GSH could be present to approach the concentration that we tested without effect, little potential seems to exist for interference with MT measurement in natural samples using the microscaled Hg-saturation method.
A microscaled mercury saturation assay for metallothionein Environ. Toxicol. Chem. 22, 2003 2011 The experiments using bluegill illustrate the utility of the microscaled Hg-saturation assay. We were able to demonstrate MT induction over time after a single injection of ZnCl. While considerable variation was observed in individual MT concentrations within treatment groups, a clear increase occurred in MT in treated fish over the experimental period. Control fish injected with saline and terminated 48 h after injection had slightly higher MT values than Zn-exposed fish terminated one-half hour after injection. This could have resulted from exposure to Zn excreted by Zn-injected fish cohabiting the tanks or other factors associated with husbandry practices during the exposure period.
Bluegill sunfish from the coal ash-contaminated habitat showed considerable interindividual variation in MT concentration. Despite this variability, significant differences were evident between hatchery-reared and coal ash-exposed fish. To statistically assess variation among individuals within and among treatments, it is desirable to minimize variation in the error term, in this case the variation between measurements on the same individual. In cases where error term variance is suspected to obscure meaningful differences in compared groups, we recommend that replicate samples be analyzed at more than one dilution. Determinations should be repeated if the coefficient of variation (standard deviation/mean) of MT measurements between tissue dilutions from the same individual exceeds 10%.
In summary, we modified Hg-saturation methods developed by Dutton et al. [13] and Klaverkamp et al. [16] to minimize the amount of mercury required and to address potential concerns about the effects of tissue handling and sample saturation. The revised protocol optimizes binding conditions to allow use of minimal quantities of nonradioactive Hg, avoiding the production of hazardous waste as a by-product of the assay. Our results also demonstrate the importance of evaluating MT in preparations at different tissue dilutions to ensure accurate results.
